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The anti-diabetic effects of Brazilian propolis were examined using ob/ob mice. Although repeated injection of an 
ethanol extract of Brazilian propolis (100 mg/kg, ip, twice a week for 12 weeks) did not affect body weight gain and food 
intake of ob/ob mice, blood glucose and plasma cholesterol levels were significantly attenuated. Moreover, the propolis 
extract partially restored glucose tolerance and insulin resistance, indicating anti-diabetic properties of the extract. 
The propolis-treated mice exhibited lower weight gain in mesenteric adipose tissue, while weight gains in inguinal 
and epididymal adipose tissues were not modulated. Flow cytometric and microscopic analyses suggested that the 
extract promoted accumulation of eosinophils into mesenteric and epididymal adipose tissues. Alternatively, the ratio 
of Mi-like macrophages to M2-like macrophages in mesenteric adipose tissue was reduced by the propolis injection, 
coincident with the decrement of the number of interleukin-12A + cells. Levels of Ml macrophage markers, such as Itgax 
and //72b transcripts, were decreased in the vascular stromal fraction of mesenteric adipose tissue, whereas those of 
pan-macrophage markers Emrl and Cd68 were not influenced. Microarray and subsequent gene ontology term analyses 
suggested that propolis attenuated immune activation in mesenteric adipose tissues. Taken together, this indicates that 
Brazilian propolis improves diabetes in ob/ob mice, presumably through modification of immune cells in mesenteric 
adipose tissues. 



Introduction 

Obesity and its associated type 2 diabetes have reached epidemic 
proportions, becoming major health issues in modern society. A 
major cause of type 2 diabetes is prolonged nutrient overload, 
which leads to insulin resistance. Increasing evidence indicates 
that the root cause of insulin resistance is chronic inflamma- 
tion, namely, metaflammation, in adipose tissues. 1,2 Adipose 
tissue inflammation is caused by dominance of proinflamma- 
tory cells, such as Ml-like macrophages, neutrophils, and CD4" 
CD8* T lymphocytes. 2 " 5 Alternatively, M2-like macrophages, 
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eosinophils, and regulatory T cells sequester inflammation. 2A6J 
Thus, control of the immune cell populations in adipose tissues 
is believed to prevent type 2 diabetes. 

Propolis is a hive product of the honeybee (Apis mellifera) that 
consists of resinous materials and secretion. The chemical com- 
position of propolis is dependent on the location of origin, owing 
to variations in the species of bees and plants. Brazilian propolis 
is recognized as a highly-effective medicinal substance. 8 It con- 
tains high levels of Baccharis dracunculifolia extract, which has 
several pharmacological properties.'- 1 Indeed, several studies have 
demonstrated that Brazilian propolis has anti-inflammatory, 10 ' 11 



www.landesbioscience.com 



Adipocyte 



227 



anti-tumor, 12 microbicidal, 13,14 and anti-oxidative 15 effects in ani- 
mal models, which indicates the potential for medical usage of 
this substance. In addition, previous papers have indicated that 
Brazilian propolis also modulates energy metabolism. Ichi et al. 
verified that supplementation of propolis (5 g/kg diet) in food 
decreased fat pad as well as blood triglyceride and cholesterol in 
mice fed with a high fat diet (HFD). 16 Moreover, daily adminis- 
tration of Brazilian propolis restored insulin resistance in obese 
rat models. 17,18 However, despite these pioneer studies, the mecha- 
nisms that underlie the anti-diabetic effects of propolis in vivo are 
not fully understood. In particular, no studies have investigated 
whether immune cells are involved in the effects of propolis. In 
this study, we demonstrate the anti-diabetic effects of a Brazilian 
propolis ethanol extract in genetically obese oblob mice. We also 
identify the changes in the immune cell population in adipose 
tissues that accompany changes in gene expression in this mouse 
model. 

Results 

Intraperitoneal injection of a Brazilian propolis ethanol extract 
attenuated progression of diabetes, regardless of changes in 
body weight and food intake. Previous studies have demon- 
strated that propolis improves energy metabolism in several rat 
models 16 ' 18 and a lean mouse model. 19 Thus, we first examined 
whether propolis also restores metabolic defects in obese mouse 
models. In the preliminary study, we intraperitoneally adminis- 
trated a Brazilian propolis ethanol extract (100 mg/kg) to HFD- 
induced obese mice twice a week from 5 weeks of age. The mice 
showed a significant decrease in food intake and body weight 
gain compared with the vehicle- treated mice (data not shown). 
By contrast, obese C57BL/6JHamSlc-o£/o£ mice (ob/ob mice) 
did not exhibit significant changes in food intake after the prop- 
olis treatment (Fig. 1A). In agreement, the body weight gain of 
oblob mice was only marginally affected by the propolis treat- 
ment. To focus on the peripheral effects of Brazilian propolis, 
independently of body weight change, we selected oblob mice for 
further analyses. 

We next monitored the plasma glucose levels of oblob mice 
treated with the propolis extract or vehicle for 12 weeks. As 
shown in Figure IB, the propolis extract decreased plasma 
glucose levels by approximately two-thirds compared with the 
vehicle in oblob mice. Total cholesterol level was also slightly 
attenuated in the propolis-treated mice, while triglyceride and 
non-esterified free fatty acids (NEFAs) were not affected by the 
treatment. Thus, the propolis extract improved glucose metabo- 
lism in oblob mice. 

Given that propolis extract inhibits the progression of dia- 
betes, glucose tolerance might be restored by the propolis treat- 
ment. To examine this, we performed an oral glucose tolerance 
test (OGTT) on the propolis- and vehicle-treated oblob mice. As 
shown in Figure 1C, by 30 min after the glucose administration, 
both the propolis- and vehicle-treated mice displayed increased 
blood glucose levels. However, the propolis-treated mice dis- 
played a more rapid decrease in blood glucose than the vehicle- 
treated mice, indicating that the feedback response worked more 



effectively in the propolis-treated mice. An insulin tolerance test 
(ITT) was also conducted on the propolis- and vehicle-treated 
oblob mice, with the results indicating a clear decrease in glu- 
cose in the propolis-treated mice after intraperitoneal injection of 
insulin. By contrast, the vehicle-treated mice failed to modulate 
their glucose levels. Taken together, these findings suggest that 
the propolis treatment improved insulin sensitivity in oblob mice. 

It is well known that visceral and subcutaneous adipose tis- 
sues play distinct roles in the pathogenesis of type 2 diabetes. 20 
Accordingly, we examined the effects of propolis on the wet 
weight of each tissue type in oblob mice. The wet weight of ingui- 
nal adipose tissues was not influenced by the 12-week treatment 
with the propolis ethanol extract, as compared with the vehicle 
treatment (Fig. ID). Similarly, the weight of epididymal adipose 
tissue was undistinguishable between the propolis- and vehicle- 
treated mice. By contrast, the weight of mesenteric adipose tissue 
was decreased by -80% in the propolis-treated mice, as com- 
pared with the vehicle-treated mice, indicating the site selective 
effects of propolis in oblob mice. 

Intraperitoneal injection of a Brazilian propolis ethanol 
extract modulated immune cell populations in the visceral 
adipose tissues of oblob mice. It is reasonable to suggest that 
the anti-diabetic effects of propolis may be linked to the regula- 
tion of immune cell populations due to the roles that adipose 
tissue immune cells play in the progression of type 2 diabe- 
tes. 1 ' 2 To elucidate this, we isolated the vascular stromal fraction 
(VSF) of the adipose tissues of the propolis- and vehicle-treated 
oblob mice, and profiled the populations of immune cells by 
fluorescence-activated cell sorter (FACS) analysis. As shown in 
Figures 2 and 3 and Table 1, the most apparent change in the 
propolis-treated mice was the accumulation of sialic acid-binding 
immunoglobulin-like lectin-F (Siglec-F)* CDllb rald eosinophils 
in the epididymal and mesenteric adipose tissues. A histological 
approach also detected a higher frequency of eosin-stained eosin- 
ophils in the visceral adipose tissues of the propolis-treated mice 
(Fig. 3C). A slight decrease in the number of Siglec-F" CDllb h ' 8h 
macrophages was observed in the epididymal adipose tissue, but 
not in the mesenteric adipose tissue of the propolis-treated mice 
(Figs. 2Band3B; Table 1). On the other hand, total lymphocytes, 
defined by forward scatter (FSC) and side scatter (SSC), were 
decreased in the mesenteric adipose tissues, whereas the abun- 
dance of these cells was not changed in the epididymal adipose 
tissue (Fig. 3B; Table 1). The numbers of CDllb* Gr-l* neutro- 
phils in the visceral adipose tissues that we examined were neg- 
ligibly affected by the propolis treatment (Table 1). In inguinal 
adipose tissue, propolis did not affect the abundance of Siglec-F + 
CDllb mid eosinophils, Siglec-F" CDllb hi e h macrophages, CDllb + 
Gr-1 + neutrophils, and total lymphocytes (Table 1). 

Macrophages can be classified into two categories: F4/80* 
CDllc + CD206" Ml-like macrophages and F4/80 + CDllc" 
CD206* M2-like macrophages, which promote and attenuate 
type 2 diabetes, respectively. 1,2 To evaluate whether the propo- 
lis extract tested was able to influence macrophage subpopula- 
tions, we elucidated the ratio of Ml-like macrophages to M2-like 
macrophages in visceral adipose tissues. In epididymal adipose 
tissue, the ratio was only marginally affected by the propolis 
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Figure 1. Effects of intraperitoneal injection of Brazilian propolis on metabolic states of ob/ob mice. (A) Effects of a Brazilian propolis ethanol extract 
on body weight (left) and food intake (right) in ob/ob mice. Brazilian propolis ethanol extract (100 mg/kg, ip, twice a week) or vehicle was injected into 
ob/ob mice for 12 weeks. Values are the mean ± SD of 9 mice. The P values calculated by two-way repeated measures ANOVA are also shown. (B) Casual 
plasma glucose and lipid levels. Following 12 weeks of propolis injection, plasma was collected and subjected to analyses. Values are the mean ± SD 
of 9 mice. *P < 0.05 vs. vehicle treated mice. (C) Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT). Following 12-13 weeks of propolis 
injection, mice were subjected to OGTT and ITT. Values are the mean ± SD of 6 (OGTT) and 11 (ITT) mice. The P values calculated by two-way repeated- 
measures ANOVA are also shown. (D) Wet tissue weight of white adipose tissues (WAT). Following 12 weeks of propolis injection, inguinal, epididymal, 
and mesenteric adipose tissues were collected. Values are the mean ± SD of 9-10 mice. *P < 0.05 vs. the vehicle-treated mice. 



treatment (Fig. 4A). In contrast, the ratio in mesenteric adipose 
tissue was clearly decreased by -30%. In agreement with these, 
the immunohistochemical study indicated that interleukin (IL)- 
12A + Ml -like macrophages were decreased in mesenteric adipose 
tissue after injection of the propolis extract, while the number 
of macrophage galactose-type calcium-type lectinl/2 (Mgll/2) + 
M2-like macrophages in the tissue were not modulated (Fig. 4B). 
Hence, the propolis extract seemed to promote anti-diabetic 
changes in macrophage subpopulations in mesenteric adipose tis- 
sue, although the total number of macrophages in the tissue did 
not change (Fig. 3B). 

In HFD-induced obese mice, it has been reported that the 
number of CD4" CD8* cytotoxic T lymphocytes (8T) was ele- 
vated, whereas the number of CD4* CD8" helper T lymphocytes 
(4T) was diminished. 4 Thus, the 8T/4T ratio is another index 
of progression of type 2 diabetes. As shown in Figure 4C, the 
repeated injection of the propolis extract did not modify the 
8T/4T ratio, both in epididymal and mesenteric adipose tissues 
of ob/ob mice, suggesting that cytotoxic T lymphocytes are not 
involved in the anti-diabetic effects of propolis. 

Transcriptome analysis of the VSF of mesenteric adi- 
pose tissue of ob/ob mice following the propolis treatment. 
Utilizing microarrays, we performed transcriptome analysis of 
the VSF of mesenteric adipose tissue of ob/ob mice following the 
12-week propolis or vehicle-treatment. Analysis of the micro- 
array data identified 519 genes that were >2-fold significantly 



(P < 0.05) upregulated and 205 genes that were >2-fold sig- 
nificantly (P < 0.05) downregulated in the VSF following the 
propolis treatment (Fig. 5A). We then performed gene ontology 
(GO) term analyses using the GOrilla and REViGO programs 
in order to elucidate overrepresented functions in the propolis- 
affected genes. 21,22 We found that although the propolis-poten- 
tiated genes displayed a wide variety of functional properties 
(Fig. SI; Table S2), the propolis-attenuated genes selectively 
exhibited immune associated properties, such as positive 
immune system regulation and leukocyte activation (Fig. 5B 
and C). Moreover, the DAVID program 23 indicated that the 
set of propolis-attenuated genes included a cluster consisting of 
lymphocyte/myeloid cell-associated genes, such as Itgax (also 
known as Cdllc), Stapl, and Tm7sf4 (also known as Dc-stamp) 
(Fig. 5D). This suggests that the propolis extract modulates 
immune functions at the gene expression level in mesenteric 
adipose tissue. 

The FACS and immunohistochemical analyses indicated that 
the propolis injection caused a decrease in the ratio of Ml-like 
to M2-like macrophages in the VSF of mesenteric adipose tis- 
sue (Fig. 4A). To confirm this, we monitored the mRNA levels 
of macrophage markers in the VSF of mesenteric adipose tis- 
sue. Quantitative reverse transcription-PCR (qRT-PCR) analy- 
ses indicated that transcripts for the pan-macrophage markers 
Emr-1 (F4/80) and Cd68 were not influenced by injection of 
the propolis extract (Fig. 6A). On the other hand, levels of 
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Figure 2. Effects of intraperitoneal injection of a Brazilian propolis 
ethanol extract on the proportion of eosinophils and macrophages in 
epididymal adipose tissue of ob/ob mice. A Brazilian propolis ethanol 
extract (100 mg/kg, ip, twice a week) or vehicle was injected into ob/ob 
mice for 12 weeks. The vascular stromal fraction (VSF) of epididymal 
adipose tissue was used for FACS analysis. (A) Representative images of 
FACS analysis of eosinophils and macrophages. After removal of dead 
cells, eosinophils and macrophages were defined by the staining pat- 
tern of Siglec-F and CD11b. (B) The proportion of eosinophils and mac- 
rophages in living cells in the VSF of epididymal adipose tissue. Values 
are the mean ± SD of 7 mice. *P < 0.05 vs. the vehicle-treated mice. 



transcripts for the Ml macrophage markers Itgax, 1112a, Ill2b, 
and Cd40 were decreased. M2 macrophage markers showed 
distinct patterns following the treatment. Levels of Retnla (also 
known as Fizzl), Irf4, and Tm7sf4 transcripts were significantly 
decreased by the treatment, while those of Mgll and Mrcl (also 
known as CD206) were marginally affected. Levels of Argl 
transcripts were significantly increased after the treatment. Of 
note, the propolis extract also modulated Cd36 and Mmpl2 
expression, both of which are known to be critical modulators 
of atherosclerosis (Fig. 6B). 24,25 Collectively, these results indi- 
cate that the propolis extract modulates macrophage subpopula- 
tions in the mesenteric adipose tissues of ob/ob mice at the gene 
expression level, presumably by attenuating "metaflammatory" 
responses in the tissues. 

Discussion 

Previous reports have demonstrated that propolis improves 
insulin sensitivity during the prediabetic and diabetic stages in 
obese rats. 15 " 18 Moreover, propolis was proven to promote glu- 
cose uptake in mouse myocyte cell lines, as well as in the ICR 
mouse strain. 19 The results of our study are in agreement with 



these previous findings, i.e., that a propolis ethanol extract pre- 
vented progression of diabetes in obese mice. Thus, propolis 
and its derived polyphenols seem to have the potential for use 
as therapeutic agents against type 2 diabetes. When we treated 
HFD-induced obese mice with the Brazilian propolis extract 
(100 mg/kg), we observed remarkable repression of food intake 
followed by prevention of body weight gain. On the other hand, 
the treatment did not result in significant changes in food intake 
or body weight gain in ob/ob mice. Considering that ob/ob mice 
have a missense mutaion in leptin gene, 26 propolis might activate 
the leptin signaling in the HFD-induced obese mice. 

Ichi et al. previously reported that oral administration of prop- 
olis clearly decreased blood cholesterol and triglyceride levels in 
rats. Total fat pad weight was also decreased; however, the effects 
on body weight were limited. 16 Of interest, the authors showed a 
remarkable reduction in mesenteric adipose tissue weight, while 
epididymal adipose tissue weight was not significantly altered. 
In agreement, we observed a significant reduction of mesenteric 
adipose tissue weight, but not inguinal and epididymal adipose 
tissues weights, in ob/ob mice after the propolis treatment. This 
suggests that mesenteric adipose tissue is a dominant target of the 
propolis-derived metabolites. Considering that mesenteric adi- 
pose tissue plays crucial roles in the development of type 2 diabe- 
tes, 27 ' 28 the anti-diabetic effects of the propolis extract might be 
attributed to prevention of tissue responses in mesenteric adipose 
tissue. 

One of the most striking findings of the current study is 
the increase of eosinophils in the visceral adipose tissues of 
ob/ob mice. Eosinophils are known to be a key cellular popula- 
tion involved in parasite immunity. In addition, a recent study 
revealed a novel function of this cell population. 6,25 Eosinophils 
located in healthy adipose tissues are proposed to maintain 
the M2 macrophage-dominant state through IL-4 and IL-13 
signaling. Indeed, eosinophil-induced models, such as 115 
transgenic mice and Nippostrongylus brasiliensis-infected mice 
exhibit improved insulin sensitivity and blood glucose levels. 6 
Conversely, eosinophil-deficient mice developed increased body 
weight, and impaired glucose tolerance and insulin resistance. 6 
Thus, accumulation of eosinophils in visceral adipose tissues 
seems to contribute to the anti-diabetic effects of the propolis 
extract. 

Macrophages are one of the most prominent effecter cells reg- 
ulating diabetic and anti-diabetic trends. Ml -like macrophages 
confer insulin resistance through metaflammation, whereas 
M2-like macrophages sequester this response. 1,2,30 In our experi- 
ments, the Ml-like/M2-like macrophage ratio, defined by CDllc 
and CD206 expression, was dramatically decreased in mesenteric 
adipose tissue of the propolis-treated mice. Moreover, treatment 
with the propolis extract decreased number of IL-12A* Ml-like 
macrophages in coincidence with downregulated Itgax and Ill2b, 
which are Ml macrophage marker molecules, in the VSF of the 
mesenteric adipose tissue. These results suggest that propolis 
repressed infiltration of Ml-like macrophages and/or transforma- 
tion of resident M2-like macrophages to Ml-like macrophages in 
mesenteric adipose tissue. 
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Table 1. Summary of the effects of a Brazilian propolis ethanol extract on immune cells in adipose tissues 





Macrophage 


Eosinophil Neutrophil Lymphocytes 




Marker 


Siglec-F- CD11b hi 9 h 


Siglec-F + ,CD11b mid CD11b + ,Gr1 + FSC |0W , SSC |0W 




Mesenteric WAT 




increase - decrease 




Epididymal WAT 


decrease 


increase 




Mesenteric WAT 








A Brazilian propolis ethanol extract (100 mg/kg, ip, twice a week) or vehicle was injected into ob/ob mice for 12 weeks. FACS analysis was performed 
using the VSF from epididymal, mesenteric, and inguinal adipose tissues. The analysis was performed using 7 replicates. When the P value calculated 
by the Student f test was less than 0.05 vs. the vehicle treated group, we judged as increase or decrease. WAT, white adipose tissue. 
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Figure 3. Effects of intraperitoneal injection of a Brazilian propolis ethanol extract on the proportion of eosinophils, macrophages, and total lympho 
cytes in the mesenteric adipose tissue of ob/ob mice. A Brazilian propolis ethanol extract (100 mg/kg, ip, twice a week) or vehicle was injected into 
ob/ob mice for 12 weeks. (A) Representative images of FACS analysis of eosinophils and macrophages in the VSF of mesenteric adipose tissue. After 
removal of dead cells, eosinophils and macrophages were defined by the staining pattern of Siglec-F and CD11b. (B) The proportion of immune cells 
in living cells in the VSF of mesenteric adipose tissue. Total lymphocytes were defined by forward scatter (FSC) and side scatter (SSC). Values are the 
mean ± SD of 7 mice. *P < 0.05 vs. the vehicle-treated mice. (C) Hematoxylin and eosin staining of mesenteric adipose tissue. Representative images 
of three experimental series are shown. An enlarged view of the propolis-treated sample is also shown. An arrowhead indicates an eosinophil. Bars 
represent 20 jjim. 



Previous reports demonstrated that M2 macrophage mark- 
ers are differentially expressed in several situations, includ- 
ing following prolonged periods on a HFD. 3133 These results 
indicate that the expression of each M2 macrophage marker is 
controlled by distinct mechanisms. Alternatively, a subpopula- 
tion of M2 macrophages might differentially emerge in lesions. 
In this study, the propolis extract had different effects on the 
expression of M2 macrophage markers: Retnla and Irf4 were 
remarkably decreased, whereas other markers, such as Argl and 
Mrcl, were increased or unchanged. Of interest, Retnla, Irf4, 
and Tm7sf4 are downstream targets of Jmjd3, and participate 
in differentiation of M2 macrophages for parasite immunity. 34 
Therefore, the propolis extract seems to attenuate the function 
and/or differentiation of Jmjd3-dependent M2 macrophages. 



Further studies are needed to clarify the roles of the Jmjd3- 
independent M2 macrophages in the anti-diabetic effects of 
Brazilian propolis. 

Although we demonstrated the beneficial effects of the propo- 
lis extract on eosinophils and macrophages in visceral adipose 
tissues, we did not verify direct targets of cell types in the present 
study. Our preliminary data indicates significant increment of 
eosinophils in visceral adipose tissues at 4 weeks after beginning 
of the propolis injection, and negligible effect on 8T/4T and Ml/ 
M2 ratios at that time. Thus, eosinophils might be an initial tar- 
get of the propolis extract. Alternatively, innate lymphoid type 
2 cells (ILC2s) might be involved in the response. ILC2s acti- 
vated by IL-33 sustained the number of M2 macrophages and 
eosinophils in visceral adipose tissues even after a high-fat diet. 35 
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Figure 4. Effects of a Brazilian propolis ethanol extract on subpopulations of macrophages and T lymphocytes. A Brazilian propolis ethanol extract 
(100 mg/kg, ip, twice a week) or vehicle were injected into ob/ob mice for 12 weeks. (A) Effects of propolis on the proportion of macrophage sub- 
populations. (Left) Representative FACS images of CD11c + Mi-like macrophages and CD206+ M2-like macrophages in mesenteric adipose tissue. 
The percentage proportions of each macrophage subpopulation in F4/80+ cells are also shown. (Right) The ratio of Ml -like macrophages to M2-like 
macrophages. Values are the mean ± SD of 7 mice. *P < 0.05 vs. the vehicle-treated mice. (B) Imunohistochemical detection of M1 -like and M2-like 
macrophages in mesenteric adipose tissue. Mi-like and M2-like macrophages were detected using antibodies for IL-12A and Mgl1/2, respectively. Ar- 
rowheads indicate immunosignals. Scale bars represent 100 |xm. (C) Effects of proportion of T-lymphocyte subpopulations. (Left) Representative FACS 
images of CD4 + CD8~ helper T lymphocytes and CD4~ CD8 + cytotoxic T lymphocytes in mesenteric adipose tissue. The percentage proportions of each 
T-lymphocyte populations are also shown. (Right) The ratio of cytotoxic T lymphocytes to helper T lymphocytes (8T/4T ratio). Values represent the 
mean ± SD of 7 mice. WAT, white adipose tissue. 



Interestingly, our microarray data indicated that expression of 
1133 in the VSF of mesenteric adipose tissue was higher (>5-fold) 
in the propolis-treated mice than in the vehicle-treated mice 
(data not shown). Therefore, propolis might promote secretion 
of IL-33 from certain stromal cells in the visceral adipose tissue, 
resulting in activation of the ILC2-eosinophil-M2 macrophage 
cascade. 

The pathogeneses of several metabolic diseases, such as type 
2 diabetes, atherosclerosis, and nonalcoholic fatty liver disease 
share similar cellular and molecular events. In particular, local 
inflammation evoked by macrophages is commonly observed in 
the diseases. 36 In this study, transcriptome analyses indicated that 
the propolis extract clearly downregulated Cd36 and Mmpl2, 
both of which are known to form atherosclerotic plaques. 24 ' 25 



Therefore, Brazilian propolis seems to be applicable to therapies 
against a wide variety of metabolic diseases. 

In conclusion, Brazilian propolis modulates gene expression 
and constituent immune cells in the stromal region of mesenteric 
adipose tissue. These cellular changes may repress hyperplasia of 
the tissue, resulting in the attenuation of type 2 diabetes in ob/ob 
mice. 

Materials and Methods 

Mice and treatments. Male C57BT/6JHamSlc-o^/o^ mice 
and C57BL/6 mice were purchased from Japan SLC C57BL/6 
mice were fed with a 60% kcal high fat diet (Research Diet, 
D12451) from 5 weeks of age. Propolis extracted with 55% 
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Figure 5. Effects of a Brazilian propolis ethanol extract on the transcriptome of the VSF of mesenteric adipose tissue. A Brazilian propolis ethanol 
extract (100 mg/kg, ip, twice a week) or vehicle were injected into ob/ob mice for 12 weeks. Triplicate total RNA samples were prepared from the VSF of 
mesenteric adipose tissue, and subjected to a microarray analysis. (A) Heatmap representation of expression of the propolis-affected genes. Num- 
bers of increased and decreased genes were 519 and 205 genes, which corresponded to 730 and 277 probes, respectively. Clustering trees are also 
depicted. (B) Gene Ontology (GO) term analysis of the propolis-attenuated genes using the GOrilla program. We selected Biological Process ontology 
terms for this analysis. Terms and the P value are shown. Terms associated with immune responses are noted in blue. (C) A scatter plot representation 
of GO analysis data by the REViGO program. The scatter plot shows a two dimensional cluster representative of the Biological Process ontology terms' 
semantic similarities. The color of the circles represents the P value; size indicates the frequency of the GO term in the Gene Ontology Annotation data 
set. (D) An annotation cluster of the propolis-attenuated genes. Functional clustering of genes and annotation terms were performed by the DAVID 
program. A cluster showing high enrichment score includes immune activation genes. Green areas indicate the term-gene pairs. 



ethanol (provided from Yamada Bee Farm) was diluted 5-fold 
with dimethyl sulfoxide (DMSO), sterilized using a filter mem- 
brane (Millipore, SLGP033RS), and stored at -30 °C until usage. 
Immediately before usage, the propolis solution was diluted with 
phosphate buffered saline (PBS) to 5%. The diluted propolis 
(100 mg/kg) or vehicle (PBS containing ethanol and DMSO) 
was intraperitoneally injected into ob/ob mice twice a week from 
6 weeks of age to 18 weeks of age. Body weight was measured once 
a week and food intake was measured twice a week. Following 
12 weeks of the propolis injection, the mice were sacrificed by 
cervical dislocation, and plasma, visceral (mesenteric and epi- 
didymal), and inguinal adipose tissues were collected. All animal 
experiments were performed in pathogen-free conditions, and 
approved by the Animal Committee of Nagoya City University. 



Plasma biochemical tests. Plasma glucose, cholesterol, tri- 
glyceride, and NEFAs were measured using Glucose CII (439- 
90901), Cholesterol E (439-17501), Triglyceride E (432-40201), 
and NEFA C (279-75401) Test Wako kits (Wako), respectively. 

OGTT and ITT. Mice were fasted for 12 and 6 h before 
OGTT and ITT, respectively. For OGTT, 1 g/kg of D-glucose 
(Nacalai, 16805-35) was orally administered to mice. Blood was 
collected from a tail vein at 0, 15, 30, 60, and 120 min after 
the glucose administration, and subjected to glucose level mea- 
surement using a One Touch Ultra (Johnson and Johnson). For 
ITT, the mice were intraperitoneally injected with 2.0 U/kg of 
human insulin (Eli Lily, 2492403A4051), and subjected to mea- 
surements of blood glucose at 0, 30, 60, and 120 min after the 
injection. 
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Figure 6. qRT-PCR analysis of macrophage molecules using the mesenteric adipose tissues of the propolis-treated ob/ob mice. A Brazilian propolis 
ethanol extract (100 mg/kg, ip, twice a week) or vehicle was injected into ob/ob mice for 12 weeks. Total RNA isolated from the VSF of mesenteric 
adipose tissue was subjected to qRT-PCR analysis. Expression of (A) Pan, Ml, and M2 marker genes, and (B) genes participating in pathogenesis of 
atherosclerosis were measured. Values are normalized to Hprtl mRNA levels and represented as the mean ± SD of 4-5 mice. Log10-transformed values 
were subjected to the Student f test. *P < 0.05 vs. vehicle treated mice. All primers used are listed in Table SI. 



Preparation of the VSF and flow cytometric analysis. 

Adipose tissues were cut into small pieces (<5 mm 2 ) in PBS, and 
centrifuged at 800 x g for 5 min. Floated pieces were then treated 
with collagenase (Sigma-Aldrich, C9891) at 37 °C for 20 min 
with mild agitation. After centrifugation at 800 x g for 5 min, 
hemolysis was conducted using ammonium-chloride-potassium 
lysing buffer (150 mM ammonium chloride, 10 mM potassium 
bicarbonate, 100 ixM EDTA, pH 7.2). After filtration, the resul- 
tant cells in the VSF were blocked with TruStain FcX (Biolegend, 
101320), and labeled with phycoerythrin-conjugated F4/80 
(123110), AlexaFluor488-conjugated CDllb (101217), CDllc 
(117311) or CD8 (100723), or allophycocyanin-conjugated 
Gr-1 (108412), CD206 (141708), CD4 (100412) purchased 
from Biolegend, or with phycoerythrin-conjugated Siglec-F (BD 
Bioscience, 552126) in 3% fetal calf serum-containing PBS. 
After washing with PBS three times, dead cells were stained with 
7-amino-actinomycin D (Biolegend, 420404), and monitored 
using FACS Canto2 (BD Bioscience). FACS data was analyzed 
using Flowjo software (Tree Star). 



RNA extraction and mRNA analyses. Total cellular RNA 
was extracted from the VSF of mesenteric adipose tissues using 
TRIzol reagent (Life Technologies, 15596-018). Microarray 
experiments were performed using SurePrint G3 Mouse GE 
arrays (Agilent, G4852A). Microarray data was analyzed using 
GeneSpring 12.1 GX software package (Agilent). Genes were 
deemed "significant affected" when the array signals satisfied 
the following criteria: (1) in all samples the normalized expres- 
sion value was greater than the background signal for either the 
propolis or vehicle treated group, (2) the change in the average 
signal intensity was greater than 2-fold, and (3) a Student t test 
showed that the change was significant (P < 0.05). Functional 
annotation analysis was conducted using the GOrilla (http:// 
cbl-gorilla.cs.technion.ac.il/) , REViGO (http : // revigo.irb.hr/) , 
and DAVID (http://david.abcc.ncifcrf.gov/) programs. 21 " 23 All 
array data were deposited in Gene Expression Omnibus (Acc. 
No. GSE46110). Some total RNA samples were subjected to 
reverse transcription with Molony murine leukemia virus tran- 
scriptase (Invitrogen, 28025-021), and then to quantitative PCR 
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with Platinum SYBR Green qPCR SuperMix-UDG reagent (Life 
Technologies, 11733046) using an ECO real time PCR system 
(Illumina). 

Histological analyses. Adipose tissues were fixed with 
phosphate-buffered 4% paraformaldehyde solution (Nacalai, 
26142-21) at 4 °C, embedded with paraffin, and sectioned 
at 5 fim, For detection of Ml-like and M2-like macrophages, 
the sections were boiled in a citrate buffer (10 mM citrate buf- 
fer with 0.05% Tween20, pH 6.0) for 15 min, and reacted with 
antibodies for IL-12A (Abeam, abl35455) or Mgll/2 (R&D 
System, AF4297) overnight. Subsequently, the diaminobenzi- 
dine-positive immunocomplex was detected with fluorescein 
isothiocyanate (FITC) -conjugated anti-rabbit immunogulogu- 
lin (IgG) or FITC-conjugated anti-goat IgG antibody (Jackson 
Immunoresearch, 111-095-144 and 711-096-152) and horserad- 
ish peroxidase-conjugated anti-FITC (PerkinElmer, NEF710) 
antibody. Some sections were stained with hematoxylin-eosin 
(Wako, 032-14635 and 058-00062). The sections were monitored 



using a BX51 microscope (Olympus) equipped with a computer- 
controlled digital camera DP70 (Olympus). 

Statistical analysis. Statistical analysis was performed by two- 
way repeated measures ANOVA and the student t test programs 
using the Kaleida Graph software package (Hulinks). 
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